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The T-cell receptor (TCR) interacts with peptide-major histocompatibility complexes (pMHC) to discriminate pathogens from selfantigens and trigger adaptive immune responses. Direct physical contact is required between the T cell and the antigen-presenting cell for cross-junctional binding where the TCR and pMHC are anchored on two-dimensional (2D) membranes of the apposing cells 1 . Despite their 2D nature, TCR-pMHC binding kinetics have only been analysed three-dimensionally (3D) with a varying degree of correlation with the T-cell responsiveness [2] [3] [4] . Here we use two mechanical assays 5, 6 to show high 2D affinities between a TCR and its antigenic pMHC driven by rapid on-rates. Compared to their 3D counterparts, 2D affinities and on-rates of the TCR for a panel of pMHC ligands possess far broader dynamic ranges that match that of their corresponding T-cell responses. The best 3D predictor of response is the off-rate, with agonist pMHC dissociating the slowest [2] [3] [4] . In contrast, 2D off-rates are up to 8,300-fold faster, with the agonist pMHC dissociating the fastest. Our 2D data suggest rapid antigen sampling by T cells and serial engagement of a few agonist pMHCs by TCRs in a large self pMHC background. Thus, the cellular environment amplifies the intrinsic TCR-pMHC binding to generate broad affinities and rapid kinetics that determine T-cell responsiveness.
The sustained interest in the kinetic analysis of TCR-pMHC interactions stems from a fundamental hypothesis that the interaction parameters have a central role in determining the subsequent T-cell response. We analysed 2D TCR-pMHC interactions on naive CD8 1 OT1 T cells with the adhesion frequency 5, 7 and thermal fluctuation 6, 8 assays using a micropipette ( Fig. 1a ) and a biomembrane force probe (BFP, Fig. 1b ). Both use a red blood cell (RBC) as an adhesion sensor, but the BFP also attaches a bead to the RBC. The RBC or bead was functionalized with pMHC mutated to abrogate CD8 binding 9 (Fig. 1c and Methods).
In the adhesion frequency assay 5, 7 , a T cell ( Fig. 1a, b , right) was micro-manipulated to touch the RBC or bead with a controlled contact area and time. TCR-pMHC binding (if present) was observed visually by RBC elongation (Supplementary Movie 1) or detected by the bead displacement (Supplementary Movie 2) on T-cell retraction. To determine the likelihood of adhesion, the cell pair was repeatedly moved in and out of contact for a given contact time (t c ) to yield an adhesion frequency (P a )-that is, the number of adhesions divided by the number of total contacts. The adhesion frequencies were specific because binding was abolished unless OT1 TCR and antigenic pMHC were used (Fig. 1d ). Using a divalent streptavidin 10 to ensure monomeric pMHC presentation (Fig. 1c ) produced a similar adhesion frequency as using a tetravalent wildtype streptavidin to couple pMHC on RBCs (Fig. 1e) , ruling out multimeric pMHC as the cause for high affinity binding (see later).
The 2D kinetic information is extracted by fitting an adhesion frequency curve measured using many cell pairs over a range of contact times with a mathematical model 5 (Fig. 2a-c) , which derives separately two parameters (m r m l A c K a and k off ) with good accuracy (Methods and Supplementary Fig. 1 ). The 2D affinity K a has a unit of area rather than volume-the unit of 3D affinity. We report the effective 2D affinity (A c K a , in mm 4 ) as it is evaluated together with the contact area A c (a few per cent of 3 mm 2 for micropipette or of 1 mm 2 for BFP). Adhesion frequency depends on the receptor (m r ) and ligand (m l ) densities. For example, three different ovalbumin (OVA) pMHC densities yielded three distinct adhesion levels ( Fig. 2a ) but the same affinity is derived ( Supplementary Fig. 2 ). The weaker ligands R4 ( Fig. 2b ) and G4 ( Fig. 2c ) required higher densities than OVA ( Fig. 2a , c) yet still generated lower adhesion levels, indicating far lower affinities. The 2D off-rate k off is not affected by the contact area or protein densities and is inversely proportional to the time t 1/2 required to reach a half-maximal P a level 5 (Methods). The OVA curves in Fig. 2a reached equilibrium very rapidly, indicating a fast off-rate that required the BFP to measure accurately (Fig. 2c ). The R4 ( Fig. 2b ) and G4 ( Fig. 2c ) curves rose more slowly, indicating slower off-rates. The effective 2D on-rate A c k on (5 A c K a 3 k off ) equals the initial slope of the adhesion curve divided by the receptor and ligand densities. The much steeper initial slopes yet lower pMHC densities of the adhesion curves for OVA ( Fig. 2a , c) compared to R4 ( Fig. 2b ) and G4 ( Fig. 2c ) indicate a much faster association of TCR with OVA.
In the thermal fluctuation assay 6, 8 (Methods), association/dissociation events of TCR-pMHC bonds were identified by reduction/ resumption of thermal fluctuations of the BFP bead because bond formation anchored the bead to the T cell, restricting its movements (Supplementary Fig. 3 and Supplementary Movie 3). The time from association to dissociation is bond lifetime t b , the distributions of which line up in semi-log plots that linearize exponential decays, suggesting first-order dissociation of single-bonds for both OVA and G4 ( Fig. 2d ). Their respective off-rates equal the negative slope of the lines (Fig. 2d ), which agree with the corresponding values from the adhesion curves ( Fig. 2c ). These results confirm that both assays measure stress-free kinetics despite the use of force to break any bond present at the end of each contact cycle [5] [6] [7] [8] .
We compared 2D parameters of the OT1 TCR binding to a panel of pMHCs with increasing potencies 3 to the published 3D results 11, 12 (Fig. 3 ). Regardless of receptor and ligand densities, the same monomeric binding model 5 fits adhesion curves at both 25 and 37 uC equally well for all ligands ( Supplementary Fig. 2 ), with higher temperature yielding higher affinities ( Table 1 ). The effective 2D affinities from antagonist to agonist pMHC spanned three logs from 10 26 to 10 23 mm 4 , whereas that of null (vesicular stomatitis virus, or VSV) of the micropipette (a) and BFP (b). A T cell (right) aspirated by a pipette was aligned with a RBC held stationary by another pipette (left) without (a, Supplementary Movie 1) or with (b, Supplementary Movies 2 and 3) a bead attached to the apex. c, RBCs or beads (left) were coupled by wild-type streptavidin (WT-SA) or divalent streptavidin (Di-SA) 10 with monomeric pMHC to interact with the TCR on T cells (right). d, Specificity controls of adhesion frequency measured at 5 s between OT1 T cells and unmodified RBCs, biotinylated RBCs without coating, biotinylated RBCs coated with BSA, null pMHC-I (VSV-H-2K b ), pMHC-II (MOG-I-A b ), or antigenic pMHC-I (OVA-H-2K b ), or between MOG CD4 1 T cells and biotinylated RBCs coated with OVA-H-2K b . e, Comparison between adhesion frequencies measured at 2 s using 7 and 5 mm 22 OVA pMHC, captured by WT-SA and Di-SA, respectively. Each T cell-RBC pair was tested repeatedly for 50 contact cycles to estimate an adhesion frequency, and 3-5 cell pairs were tested for each condition to calculate a mean P a 6 s.e.m. for data in d and e. TCR interacting with OVA (a) and R4 (b) pMHC measured by micropipette at 25 uC (a) or both 25 and 37 uC (b) at indicated site densities. c, Adhesion curves of the OT1 TCR interacting with OVA and G4 pMHC measured by BFP at 25 uC. Each cell pair was tested repeatedly at given contact duration t c to estimate an adhesion frequency P a , and 3-5 cell pairs were tested for each t c to calculate a mean P a 6 s.e.m. The data (points) were fitted (colourmatched solid curves) by a model for 2D binding kinetics 5 (a-c). d, Pooled ensembles of 239 (OVA, squares) or 424 (G4, circles) lifetimes of OT1 TCR-pMHC bonds were respectively sorted according to their durations. For each pMHC, the natural log of the number of events with a lifetime $ t b was plotted against t b and fitted by a straight line. The negative slope represents off-rate k off (indicated). The goodness-of-fit was indicated by the R 2 values. Colour-matched dotted curves represent 95% confidence intervals of the best-fit curves obtaining by bootstrapping. Effective 2D on-rate, The 2D data (a-c) were measured by the adhesion frequency assay and analysed with a monomeric binding model. The 3D data (d-f) from refs 11 and 12 were measured by surface plasmon resonance and analysed with a monomeric binding model except for the OVA and A2 data at 37 uC, which were analysed with a dimeric binding model (values of the second-step kinetics were plotted). Data are presented as mean 6 s.e.m. of parameters evaluated from different adhesion curves measured using different pMHC densities (see Supplementary Fig. 2 ).
pMHC was less than the assay's detection limit 7 of 10 28 mm 4 (Fig. 3a) .
In sharp contrast, the 3D affinities differ by only one log for the same ligand set ( Fig. 3d ), making them difficult to resolve ligand potencies. Furthermore, the micromolar 3D equilibrium dissociation constant (K d ) conveys the impression that TCR-pMHC binding is of low affinity; however, the OT1 (and F5, Supplementary Fig. 4 ) TCR on naive (and activated, Supplementary Fig. 5 
) T cells have effective 2D
affinities for agonist pMHCs that are similar to that of high affinity lymphocyte function-associated antigen (LFA)-1 for intercellular adhesion molecule (ICAM)-1 (ref. 13) , an interaction that provides strong adhesion for many immune functions. The high 2D affinities of TCR for agonist pMHCs were driven by rapid 2D on-rates, which were even faster than that of P-selectin associating with P-selectin glycoprotein ligand (PSGL)-1 (ref. 14) , an interaction that requires a rapid on-rate to capture flowing leukocytes to inflamed vascular surfaces. Unlike the P-selectin-PSGL-1 interaction, however, the fast 2D on-rates for TCR-pMHC do not translate to fast 3D on-rates. In fact, the 3D TCR-pMHC on-rates 11, 12 are .200-fold slower than the P-selectin-PSGL-1 3D on-rate 15 . The 3D TCR-pMHC on-rates are insensitive to the different peptides ( Fig. 3e ), suggesting that TCR binding is initiated by MHC contact 16 . By comparison, the 2D on-rates spanned four logs for the same ligand set ( Fig. 3b ), indicating the critical contribution of peptide contact to TCR-pMHC association. Thus, an important attribute of our measurements is their high sensitivity to discriminate binding kinetics for a range of closely related ligands.
The 2D off-rates ( Fig. 3c ) were 30-8,300-fold faster than the corresponding 3D off-rates ( Fig. 3f) , with the value for TCR dissociating from OVA-H-2K b (7.2 and 10.8 s 21 at 25 and 37 uC, respectively) comparable to that for L-selectin dissociating from PSGL-1 (10.2 s 21 at 25 uC), the most rapid selectin-ligand off-rate in both 2D and 3D, which is required for mediating fast rolling of leukocytes on vascular surfaces 6, 17 . Again, the fast 2D off-rates for TCR-pMHC did not translate to fast 3D off-rates. In fact, OVA-H-2K b dissociates from the OT1 TCR in a single step at 25 uC, with a 3D off-rate of 0.022 s 21 but in two steps (that is, requiring dimer formation) at 37 uC, with a 3D off-rate of 0.0012 s 21 for the second step 11, 12 . Notably, the offrates of stronger ligands are progressively faster in 2D but slower in 3D, showing opposite trends (compare Fig. 3c and f) . Thus, the TCR-pMHC off-rates and their relationships to ligand potency differ substantially between 2D and 3D.
To test further the hypothesis that 2D TCR-pMHC kinetics determines T-cell responsiveness, we measured the peptide concentration required to stimulate half-maximal T-cell proliferation (EC 50 ) and plotted it against the 2D TCR binding parameters measured at 25 uC ( Fig. 4a -c) and 37 uC ( Fig. 4d-f ). A strong correlation was found between 1/EC 50 values and all metrics of 2D kinetics, especially the affinities and on-rates, for their broad dynamic ranges better match the wide range of functional responses. This is, to our knowledge, the first demonstration of the relevance of 2D TCR-pMHC binding kinetics to the functional response of T cells 18 . Besides T-cell proliferation, a latestage response assessed after 3 days of antigen-presenting cell (APC) stimulation, the more proximal TCR downregulation response used in a previous 3D study 3 also correlated well with our 2D parameters ( Supplementary Fig. 6 ).
The substantial differences between 2D and 3D kinetics for TCR-pMHC interactions are not seen in ligand binding of selectins and integrins. In light of the recent reports of TCR clustering on the cell surface in a cholesterol-and/or actin cytoskeleton-dependent fashion [19] [20] [21] [22] , we speculate that the T cell imposes unique regulations on TCR organization, orientation and/or conformation, which may affect the availability of TCR to binding or enable cooperative binding. Although the 3D assays of purified molecules may measure their intrinsic kinetics independent of these regulatory mechanisms, our 2D assays may capture the effect of the cellular environment on TCR-pMHC interactions, which mimics the physiological situation (Supplementary Fig. 7) . Consistent with this view, we observed reduced effective 2D affinities of the OT1 TCR for OVA and G4 pMHCs by treatment with methyl-b-cyclodextrin, a water-soluble cyclic heptasaccharide that can extract cholesterol from the plasma membrane 23 and alter TCR preclustered structures 21 (Supplementary Fig. 8) . Similar effects were observed by treatment with cholesterol oxidase, another cholesterol depletion agent ( Supplementary Fig. 9 ). Furthermore, the 2D affinities were also reduced by latrunculin A, an inhibitor of actin polymerization ( Supplementary Fig. 10 ). Moreover, Monte Carlo simulations showed an increase in apparent affinity by cooperative binding if it is assumed that the interaction of a pMHC with one TCR in a cluster increases the binding propensity of all members of the TCR cluster ( Supplementary Fig. 11 ). This form of cooperation is suggested by the observed memory effects of TCR-pMHC interactions, such that adhesion in a past contact increases the likelihood of adhesion in the next contact 9 .
The insufficient resolution of T-cell responsiveness by 3D TCR-pMHC kinetics (for example, Fig. 3d -f) has generated numerous models to explain the various functional outcomes [2] [3] [4] 12, 18, [24] [25] [26] [27] [28] . The kinetic proofreading model proposed a serial scheme to amplify the small differences in the 3D TCR-pMHC off-rates 26 . Our data indicate that such amplifications may be integrated into direct measurements on the T-cell membrane as they result in 2D on-rates, off-rates and affinities that all match the T-cell responses to a given set of pMHCs. The broad affinities and rapid kinetics of the 2D interactions meet the requirement for the T cell to scan with high speed and sensitivity the numerous self pMHCs on an APC to find, engage and respond to antigens expressed at low numbers 29 . The observations of antigen sampling by a T cell from several APCs 30 and the rapid microcluster formation between TCR and agonist pMHC further enforce how quickly the pMHC is interrogated to accumulate threshold signalling levels 21, 22 . Microclusters of TCR coupled to its rapid 2D kinetics also allow a single pMHC to serially engage many TCRs in a short time. Note that here the term is used differently from the original model in which serial engagement led to TCR internalization 27 . Although the lifetimes of individual TCR-pMHC bonds are brief because they dissociates rapidly, bonds also reform rapidly and frequently because of the fast on-rate. Serial engagement allows both the quality and quantity of pMHCs to be measured by the frequency of bond formation as it is proportional to the 2D affinity and the pMHC density. High bond formation frequency also accumulates a large fraction of engagement time. TCR clustering and cooperative binding could amplify serial engagement as it provides a high local concentration of TCRs, thereby generating maximal recognition signal to trigger downstream events for T-cell activation. Thus, our 2D TCR-pMHC kinetic data may provide a basis for a comprehensive model to explain self/non-self recognition, ligand discrimination, thymocyte selection, signal accumulation, feedback mechanisms, and TCR antagonism.
METHODS SUMMARY
We used adhesion frequency assay 5 and thermal fluctuation assay 6 to measure the 2D kinetics of TCR-pMHC interaction on the cell membrane. The adhesion frequency assay used a micropipette and a BFP, and the thermal fluctuation assay used a BFP. T cells expressing monoclonal OTI or F5 TCR were purified from transgenic mice. Human RBCs directly (or indirectly through a glass bead) coated with pMHC by biotin-streptavidin coupling served as both a surrogate APC and a force sensor for detecting the TCR-pMHC interaction. The site densities of TCR and pMHC were measured by flow cytometry 7 . Monte Carlo simulations and pharmacological treatments were performed to study the effects of T-cell membrane environment on 2D TCR-pMHC binding.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Cells and pMHCs. RBCs were isolated from whole blood of healthy volunteers according to protocols approved by the Institutional Review Board of Georgia Institute of Technology. Naive CD8 1 OT1 (ref. 7) , CD8 1 F5 (ref. 7) , and CD4 1 MOG 31 T cells were generated according to Emory University IACUC approved protocols. Monomeric mouse I-A b complexed with an MOG peptide (GWYRSPFDRVVH) 31 , H-2D b complexed with an influenza nucleoprotein peptide NP68 (ASNENMDAM) 7 , and H-2K b mutant 9 (constructed by substituting the a3 domain in the mouse H-2K b with the a3 domain of human HLA-A2) complexed with the following peptides were produced by the NIH Tetramer Core Facility: ovalbumin-derived peptides OVA, A2, G4, E1, V-OVA and R4, and a vesicular stomatitis virus-derived peptide VSV (Table 1) 11, 12 . All MHCs have a carboxy-terminal biotin-tag at their a-chain. Monomeric pMHCs were purified by sizing through an S-300 column followed by anion exchange to obtain properly folded molecules. Purified pMHCs were stored at 280 uC and a fresh aliquot was used in each experiment. Coupling pMHC onto RBCs and beads. Monomeric pMHCs were coated onto RBCs 7 or BFP beads 6 by biotin-streptavidin coupling (Fig. 1c) . RBCs were biotinylated using different concentrations (to vary the pMHC density) of biotin-X-NHS (Calbiochem) per manufacturer's instruction 7 , incubated with either 1 mg ml 21 tetrameric wide-type streptavidin (Pierce) or 0.2 mg ml 21 divalent streptavidin 10 for 30 min at 4 uC, and incubated with 20 mg ml 21 biotinylated pMHC monomers for 30 min at 4 uC. Cells were washed three times after each step.
For BFP experiments, RBCs were covalently linked with an amine-reactive PEG-biotin polymer (NHS-PEG3400-Biotin, Shearwater Polymers) as previously described 32 . The surfaces of borosilicate beads (2-mm diameter, Duke Scientific) were cleaned in a mixture of ammonium hydroxide and hydrogen peroxide and silanized 32 . Beads were allowed to react with streptavidine-maleimide 6 (Sigma-Aldrich) and incubated with subsaturating concentrations of biotinylated pMHCs for 30 min at room temperature. Determining molecular densities on the surfaces of T cells, RBCs and beads. Site densities of TCRs on T cells and pMHC on RBCs or beads were measured by flow cytometry (Supplementary Fig. 12 ). T cells were incubated with a PE-conjugated anti-mouse TCR Va2 monoclonal antibody B20.1 (BD) at 10 mg ml 21 in 200 ml of FACS buffer (RPMI 1640, 5 mM EDTA, 1% BSA and 0.02% sodium azide) at 4 uC for 30 min. Similarly, pMHCs on RBCs/beads were stained with a PE-conjugated anti-mouse H-2K b (3H2672) (US biological) or a FITC-conjugated anti-mouse H-2D b (BCDb) monoclonal antibody (Biocarta). T cells or RBCs/beads were analysed by a BD LSR flow cytometer (BD). The fluorescent intensities were compared to standard calibration beads (BD Quantibrite PE Beads, BD or FITC calibration beads, Bangs laboratories) to determine the total number of molecules per cell/bead, which were divided by the cell/bead surface area to obtain site densities 7 . The apparent surface areas of the naive (110 mm 2 ) and activated (314 mm 2 ) T cells were calculated as the areas of smooth spheres from their radii measured microscopically. The RBC surface area was taken as 140 mm 2 from ref. 33 . The bead surface area was calculated from its 1-mm radius (12.6 mm 2 ). Micropipette and BFP apparatuses. As previously described, the micropipette 5,7 (Fig. 1a ) and BFP 6, 8, 34 (Fig. 1b) apparatuses are centred around an inverted microscope placed on an anti-vibration table equipped with manometer systems to apply suction pressures through glass pipettes. Two apposing pipettes are used in both apparatuses to control contacts of a T cell (target) with a pMHCpresenting surface-a RBC (micropipette) or a bead (BFP). The RBC also serves as a force sensor in either case of without (micropipette, Fig. 1a ) or with (BFP, Fig. 1b ) a bead attaching to its apex. The real-time images are acquired by a CCD camera (30 frames per s) and observed through a TV monitor (micropipette) or display on a computer screen by an image grabber (BFP). In the micropipette apparatus, the two pipettes are respectively mounted on two identical sets of 3D mechanical manipulators for coarse movements and 3D hydraulic manipulators for fine movements. One of the pipettes is also attached to a one-dimensional (1D) piezoelectric translator (PZT) to allow computer-programmed movements for the repeated adhesion test cycles. In the BFP apparatus, the left pipette is mounted on a set of 3D mechanical micrometers for coarse positioning. The right pipette is mounted on a set of 3D PZT for fine positioning and a 1D PZT with capacitive feedback control and subnanometer precision for the adhesion and thermal fluctuation cycles. A third pipette controlled by a pneumatic micromanipulator with a joystick is used to attach a glass bead to the RBC apex to assemble the force probe (Fig. 1b, left) . A 24-line strip image across the bead is captured by another high-speed CCD camera (1,500 frames per s, Graftek Imaging) to obtain a well-defined greyscale profile that allows a custom-designed program to track the axial position of the bead with a 5-nm spatial and 0.7-ms temporal resolution, which is displayed in real-time on the computer screen 8 (Supplementary Movie 2) . In some experiments, a heater, a humidifier and a thermometer were used to control the temperature at 37 uC.
Adhesion frequency assay. This assay uses micromanipulation to precisely set up cell-cell contact with controlled area/time and uses an ultrasensitive force sensor to mechanically detect the presence of adhesion at the end of the contact. The micropipette apparatus 5 (Fig. 1a) was used for most of the pMHCs because it is simple and easy to use. For pMHCs with off-rates .5 s 21 , BFP 6, 8 (Fig. 1b ) was used because of its higher temporal resolution. Both apparatuses use a pipette to aspirate a T cell and move it in and out of the contact with a pMHC bearing surface. The adhesion sensor in both apparatuses is a pipette-aspirated RBC thanks to its ultrasoft membrane that enables the detection of a subpiconewton force, an order of magnitude smaller than the characteristic force required to break a typical receptor-ligand bond 35 , thereby ensuring the detection of single bonds. In the micropipette system, pMHCs are directly coated on the RBC surface and adhesion is detected by visual observation of the RBC membrane deflection (Supplementary Movie 1) . In the BFP system, pMHCs are coated on a glass bead attached to the apex of the RBC and adhesion is detected by the bead position deflection with a much higher resolution (Supplementary Movie 2) .
The likelihood of adhesion is estimated from the frequency of adhesions occurred in a large number of contacts made under as close to identical conditions as possible. The present work estimated an adhesion frequency P a from 50 cyclically repeated contacts of a single pair of cells and a mean P a 6 s.e.m. from several pairs of cells. According to a probabilistic model for adhesion kinetics mediated by a small number bonds 5 , the adhesion frequency P a is related to the average number of bonds ,n . by
Assuming a single-step kinetic process of a second-order forward, first-order reverse reaction between monomeric TCR and pMHC molecules, the average number of bonds can be expressed by 5
where m r and m l are respective TCR and pMHC densities, A c and t c are contact area and time, and K a and k off are 2D binding affinity and off-rate. The 2D onrate can be calculated from k on 5 K a 3 k off . For each pMHC, .30 pairs of cells were used to obtain several P a versus t c curves (for example, Fig. 2a ) that corresponded to different TCR and pMHC densities, which were independently measured by flow cytometry. Equations (1) and (2) were fit to each adhesion curve using iterative nonlinear regression to estimate a pair of fitting parameters 36 : the effective 2D affinity A c K a and the 2D off-rate k off .
The ability to reliably determine the two model parameters separately is tested by plotting the sum of error squares between the data and the prediction (x 2 ) versus the two fitting parameters ( Supplementary Fig. 1 ). The results demonstrate that both model parameters can be identified with good accuracy by fitting the model to the OVA data in Fig. 2c that were measured by a BFP with high temporal resolution. The x 2 surface ( Supplementary Fig. 1b ) clearly shows a minimum at m r m l A c K a 5 0.82 ( Supplementary Fig. 1c , red curve) and k off 5 7.24 s 21 ( Supplementary Fig. 1d , red curve). By comparison, this is not the case when the same model was fit to the data in Fig. 2a , which are also for OVA but were measured by a micropipette with lower temporal resolution. The x 2 surface ( Supplementary Fig. 1a ) has a minimum at A c K a 5 0.0002 mm 4 ( Supplementary Fig. 1c , blue curve), indicating the ability to accurately evaluate the effective 2D affinity. However, similarly low x 2 values are obtained after k off . 5 s 21 ( Supplementary Fig. 1d, blue curve) . This shows that the off-rate exceeds 5 s 21 but its value cannot be determined with accuracy. These results support the use of criterion k off . 5 s 21 for switching from the use of micropipette to BFP for adhesion frequency assay.
Wherever multiple adhesion curves for the same pMHC were measured using different m r and m l , the mean and s.e.m. of A c K a and k off were calculated from their individual values estimated from fitting each P a versus t c curve. Wherever only a single adhesion curve was measured, the s.e.m. values of A c K a and k off were generated by the fitting algorithm from the scattering of the P a data at each contact time 36 . In addition, bootstrapping techniques were used to put 95% confidence intervals on the parameters and the best-fit curves (Fig. 2) .
It follows from equation (2) that
where t Ã 1=2 is the time for the average number of bonds ,n . to reach half of its maximum value at equilibrium. Because P a and ,n . are related by equation
where t 1/2 is the time for the adhesion frequency P a to reach half of its maximum value at equilibrium P a ('). The criterion of k off . 5 s 21 for switching apparatus from the micropipette to the BFP is equivalent to that t Ã 1=2 be sufficiently longer than the shortest time (0.05 s) required for the micropipette to reliably detect a residual engagement of the RBC to the T cell on its withdrawal 5 .
Unlike the 2D off-rate whose evaluation does not require site densities, the 2D affinity is lumped in equation (2) with the densities of TCR and pMHC. To compensate for the broad 2D affinities range of the TCR for a panel of pMHC ligands of differing potencies, the pMHC densities were adjusted to keep the equilibrium adhesion frequencies in the mid-range using different biotin-X-NHS concentrations to biotinylate the RBCs (for micropipette) or coupling different densities of streptavidin on the probe beads (for BFP). To normalize the effects of site densities, a log transformation is used to convert equations (1) and (2) to equation (5)
The applicability of our model to the TCR-pMHC interaction is supported by the data in Supplementary Fig. 2a-f , which collapse distinct adhesion curves measured using different m r and m l into a single { ln (1{P a )=(m r m l ) versus t c curve. It follows from equation (5) that the equilibrium levels of these curves correspond to the A c K a values. From the equilibrium form of equation (5) 
a prediction supported by the data in Supplementary Fig. 2g , h, which were obtained using adhesion frequencies measured at 5 s with different site densities. This equation also provides a simple way to measure the A c K a from P a (') without measuring and fitting the entire adhesion curve. The true or functional contact area A c depends on the irregular microvillous structure on the T-cell surface 5, 37 . It was estimated to be a few per cent of the apparent contact area visualized under the microscope ( Supplementary Movies  1 and 2) . The apparent contact area was controlled by the computerprogrammed PZT movements to be 3 mm 2 (micropipette) and 1 mm 2 (BFP). Because the apparent contact area (and hence the true A c ) was kept constant for all experiments using the same technique (micropipette or BFP), not knowing the precise value for A c did not affect relative comparisons among affinities of the TCR for different pMHC ligands. Because it is the product of A c and K a , and not their separate values, that is returned from fitting data with equations (1) and (2) , the results are expressed in terms of A c K a (in mm 4 ), called effective 2D affinity, and of A c k on (in mm 4 s 21 ), called effective 2D on-rate. Because the micropipette and BFP experiments had different true contact areas and because the T cell was contacted by a soft and large membrane in the micropipette experiment but a hard and small bead in the BFP experiment, the A c K a and A c k on values measured by the two techniques were different even for the same TCR-pMHC interaction 37, 38 . For consistent comparison among different pMHC ligands, micropipette-measured effective 2D affinities were shown in Figs 3, 4 and Supplementary Figs 2, 4-6 and 8-10, and listed in Table 1 . The 2D off-rates presented in these figures and in Table 1 were measured with the micropipette except for the OVA pMHC, which were measured with the BFP. The effective 2D on-rates were calculated by multiplying the effective 2D affinities and off-rates. Thermal fluctuation assay. This assay was performed using a BFP because of its high resolution and soft spring constant 6 . The spring constant (force required to displace the bead a unit distance by stretching the RBC) was set to be k p 5 0.15 pN nm 21 by adjusting the suction pressure Dp according to ref. 39
where R p , R 0 and R c are the respective radii of the pipette lumen, the spherical portion of the aspirated RBC, and the contact between the RBC and the bead (Fig. 1b) , respectively, which were measured for each force probe assembled. According to the equipartition theorem, the magnitude of the thermal fluctuations, measured by the variance s 2 of the bead position x, is inversely proportional to the system spring constant k s
where k B is the Boltzmann constant and T is absolute temperature. In the absence of any bond between the bead and the T cell, k s is the same as the force probe spring constant k p . In the presence of a bond, the force probe is connected to the T cell by another spring k m . The system spring k s becomes the sum of k p and k m , which reduces the thermal fluctuations according to equation (8) . Thus, bond formation and dissociation would produce corresponding reduction and resumption of the thermal fluctuations of the BFP bead ( Supplementary Fig. 3 and Supplementary Movie 3) . The ensemble standard deviation was approximated by a 70-point sliding standard deviation s(t) of the time course of the force probe position, x(t). This was different from our previous work using beads as a target, which used a 15-point sliding standard deviation 6 , because when cells were used, k m became characteristic of the TCR-pMHC bond and the cell surface structure to which the TCR anchored. The latter structure is very soft, requiring more points to calculate a stable standard deviation. To identify bond association/dissociation events, two thresholds s U (black dashed line) and s L (red solid line) were set in the s(t) versus t plot (horizontal lines, Supplementary  Fig. 3b ). The time when s(t) crossed s L from above identifies the instant of bond association, and the time s(t) crossed s U from below identifies the instant of bond dissociation ( Supplementary Fig. 3, red In three places in the 'Monte Carlo simulations' section of the onlineonly Methods of this Letter, the association probability P a should have been denoted P assoc to distinguish it from the adhesion probability P a .
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